Venous malformations (VMs) are among the most common slow-flow vascular malformations characterized by irregular venous channels, luminal thrombi, and phleboliths. To systematically manifest the disorganized vascular structures in sporadic VMs, we initially evaluated histopathological characteristics, perivascular cell coverage, adhesion molecules expression and vascular ultrastructures. Then, the expression of Tie2 and TGF-b in VMs was detected. Meanwhile, the in vitro studies were performed for mechanism investigation. Our data showed that the perivascular a-SMA 1 cell coverage and expression of adhesion molecules in VMs were significantly decreased compared with those in the normal skin tissues. We also found that the expression and phosphorylation levels of Tie2 were upregulated, whereas TGF-b was downregulated in VMs, and they were negatively correlated. Moreover, the in vitro results also revealed a possible balancing effect between Tie2 and TGF-b, as demonstrated by the findings that Ang-1 (agonist of Tie2) treatment significantly downregulated TGF-b expression, and treatment with recombinant TGF-b could also suppress Tie2 expression and phosphorylation. This study provided strong evidence supporting the disorganized vascular structures and dysregulation of related molecules in sporadic VMs, and demonstrated a possible balancing effect between Tie2 and TGF-b, which might help to develop novel therapeutics for vascular disorganization-related disorders.
1
, are generally categorized as slowand fast-flow lesions in terms of vessel morphology and flow speed 2 . Venous malformations (VMs) are among the most common slow-flow vascular malformations, accounting for approximately one-half to two-thirds of vascular malformations 3 . VMs are mainly presented at birth with a reported incidence of 1-2 per 10,000 births and a prevalence of 1% 4 . VMs frequently occur in the oral and facial regions and may continue to grow throughout a patient's lifetime 5 . Furthermore, VMs are characterized by thin-walled and dilated sponge-like channels, luminal thrombi and phleboliths 6 . VMs may also be associated with several types of syndromes, such as Klippel Trenaunay syndrome and Blue Rubber Bleb Nevus syndrome 5 . VMs often disrupt the physiological functions of adjacent normal tissues, including the muscles 7 , bones 8 and nerves 9, 10 . In addition to physiological illness, the patients with VMs have to suffer from enormous mental pressure caused by deformation of facial appearance, which dramatically decreases their life quality 11 . Therefore, it is important to dig deeper into the pathogenesis of this disease, which may help to develop new strategies of therapeutics.
It is well known that dilated venous channels and disorganized vascular smooth muscle cell (vSMC) layer are frequent phenomenons in VMs 1, 12 . However, close attentions and deeper researches on these phenomenons are scarce. Tie2 is the receptor of angiopoietin-1 (Ang-1), Ang-2, Ang-3 (in mouse) and Ang-4 (in human) 13, 14 . Currently, the mutation of TEK, the coding gene of Tie2, has been implicated in the development of inherited VMs. TEK mutation can result in the constitutive activation of Tie2 independent of the corresponding ligands [15] [16] [17] . Nevertheless, the expression level and activation status of Tie2 in sporadic VMs as well as the possible pathological significance are still to be clarified.
OPEN SUBJECT AREAS: ORAL DISEASES VASCULAR DISEASES
In the present study, the disorganized vascular structures in sporadic VMs were systematically manifested at cellular and molecular levels. Meanwhile, we showed the negatively correlated Tie2 overactivation and transforming growth factor-beta (TGF-b) suppression in VM tissues. Importantly, by employing corresponding agonist and recombinant factor, we also revealed a possible balancing effect between the Tie2 and TGF-b pathways in endothelial cells (ECs), and indicated its potential significance in vascular regulation.
Results
Perivascular a-SMA 1 cell coverage in VMs was significantly decreased. To investigate in depth the pathological changes in the blood vessels associated with VMs, we first analyzed the vascular morphology as well as the presence and distribution of perivascular cells by double-labelling immunofluorescence using anti-CD34 and anti-a-SMA antibodies. As shown in Figure 1A , VMs were composed of irregular venous-type channels, which were varied in size and lined by flat discontinuous endothelium. Moreover, the perivascular a-SMA 1 cells (pericyte and smooth muscle cell) in VM tissues were randomly distributed and focally scant or even absent. The quantified results revealed that the immunofluorescence intensity of a-SMA in VM tissues was evidently weaker than that in normal skin (SK) tissues.
CD34 and a-SMA ( Figure 1B ) in VM and control tissues, including SK, pyogenic granulomas (PG) and placenta (PL), were then subjected to immunohistochemical double-staining to determine whether or not the distribution of perivascular a-SMA 1 cells in VMs was distinctive. The quantified data showed that the perivascular a-SMA 1 cell coverage in VMs was significantly decreased compared with that in the SK tissues ( Figure 1C ). The perivascular a-SMA 1 cells in the SK tissues were densely and uniformly distributed. In PG and PL tissues, the perivascular a-SMA 1 cell coverage was the lowest as a result of neovasculature.
Changes in the vascular ultrastructure in VMs. To further investigate the characteristics of blood vessels in VMs, we performed transmission electron microscopy (TEM) and obtained the ultrastructures. Figure 2A showed that the blood vessels in SK tissues are closely surrounded by vSMCs and exhibit extensive, tight junctions between adjacent ECs. By contrast, poor junctions and a tortuous stretched abluminal surface were found between adjacent ECs in VMs. Poor or no contact between adjacent SMCs was also detected in VMs ( Figure 2B ) and the basement membrane (BM) was imcomplete or even absent. Moreover, the intima of blood vessels in VMs was mainly lined with discontinuous and apertured ECs ( Figure 2C ).
Expression levels of adhesion molecules were downregulated in VMs. VE-Cadherin and N-Cadherin are essential adhesion molecules involved in intercellular contact, and their expressions are associated with the organization of vascular structures 18, 19 . Thus, we evaluated the expression levels of VE-Cadherin and NCadherin in VMs by immunohistochemistry and real-time qPCR, respectively. Our data revealed that both VE-Cadherin and NCadherin in SK tissues were strongly expressed around the blood vessels. However, their immunoreactivities were down-regulated in VM tissues ( Figure 3A and 3C). Real-time qPCR results demonstrated the decreased mRNA expression levels of VE-Cadherin and N-Cadherin in VM tissues compared with the SK tissues ( Figure 3B and 3D).
Expression and phosphorylation levels of Tie2 were upregulated in VMs. Previous studies have reported that VM-causative mutant forms of TEK increase the phosphorylation level of Tie2 when expressed in cells 17, 20 . To examine the activation status of Tie2 in sporadic VM tissues, we detected the expression and phosphorylation levels of Tie2 in 29 VMs patients without family history. The patients' information was indicated in Table 1 . The representative images of Tie2 and p-Tie2 immunostaining are shown in Figure 4A and 4C, respectively. It was found that Tie2 and p-Tie2 were strongly expressed in the blood vessels of VMs. The quantified results showed that the immunoreactivities of Tie2 and p-Tie2 were significantly upregulated in VM tissues compared with those in SK tissues ( Figure 4B and 4D), which suggested the elevated expression and phosphorylation of Tie2 in sporadic VMs. The results of serial immunohistochemistry and double-labeling immunofluorescence further indicated that Tie2 phosphorylation was negatively correlated with a-SMA 1 cell coverage. In particular, specific areas characterized by high Tie2 phosphorylation coinciding with few a-SMA 1 cells were observed ( Figure 5 ). Spearman rank test also demonstrated that the overactivation of Tie2 was closely related to the decreased perivascular a-SMA Expression level of TGF-b was downregulated in VMs. TGF-b production in ECs plays a critical role in perivascular SMC migration and differentiation 21, 22 . Thus, we investigated the expression level of TGF-b in VMs, and whether it contributes to the disorganized vascular structures in VMs. Figure 7A showed that TGF-b was extensively expressed in ECs, SMCs and other cells in SK tissues. By contrast, the TGF-b expression level was significantly downregulated in VMs ( Figure 7A and 7B) (P , 0.001). Real-time qPCR results also showed that the mRNA expression level of TGF-b was evidently decreased in VM tissues compared with that in SK tissues ( Figure 7C ). In addition, the downregulation of TGF-b was closely associated with the decrease in perivascular a-SMA 1 cell coverage ( Figure 6B ).
Tie2 activation was negatively correlated with TGF-b expression in VMs. The above results have showed that both Tie2 overactivation and TGF-b down-regulation were associated with the decreased perivascular a-SMA 1 cell coverage in VMs. Therefore, we doubted whether or not a correlation could be observed between the changes in these two signals. As expected, the double-labelling immunofluorescence results revealed a synchronous but reversed change in Tie2 and TGF-b in VM tissues. This result indicated that these two molecules were negatively correlated with each other ( Figure 8A , 8B and 8C). Spearman rank test also demonstrated that p-Tie2 upregulation was significantly correlated with TGF-b downregulation in VM tissues ( Figure 8D ). To verify these findings, we investigated the expression levels of Tie2, p-Tie2 and TGF-b in venous malformation ECs (VMECs) by conducting double-immunofluorescence analysis of cells. As shown in Figure 9 , the cultured VMECs exhibited cobblestone morphology under phase-contrast microscope. In addition, the immunofluorescence staining for specific markers of endothelial cells (e.g. CD31, VE-Cadherin, VIII Factor, and VEGFR-2) was positive. Figure 10A , 10B and 10C showed that the expression levels of the total-Tie2 and p-Tie2 were evidently upregulated in VMECs; by contrast, the TGF-b expression level was significantly decreased compared with that in HUVECs. Using Tie2 agonist Ang-1 and recombinant TGF-b, we also determined a possible balancing effect between Tie2 and TGF-b pathways in ECs. The results showed that Ang-1 treatment significantly downregulated the expression of TGF-b and its downstream signal p-Smad3, and treatment with recombinant TGF-b could also suppress the expression and phosphorylation of Tie2 ( Figure 10D and 10E).
Discussion
VMs are among the most frequent slow-flow vascular malformations observed in the oral maxillofacial regions 3 . VMs have been previously linked to dilated channels with sparse vascular smooth muscle cells, which suggested the existence of disorganized vascular structures 12, 16 . In the present study, these disorganized vascular structures were systematically manifested in sporadic VMs in terms of histopathological characteristics, perivascular cell coverage, adhesion molecules expression and vascular ultrastructures. Our data showed that most of the vessels in VMs were remarkably enlarged and irregular. We also found that the perivascular a-SMA 1 cell coverage was significantly decreased in VMs compared with that in the SK tissues. Moreover, the expression levels of intercellular adhesion molecules were significantly downregulated in VMs. Several abnormal vascular ultrastructures were also detected. These results provided additional and strong evidence revealing the disorganized vascular structures in VMs.
According to the embryonic development theory and current studies, the vessels without enough supporting perivascular cells cannot be retained for a long time and may tend to regress spontaneously 23 . Nevertheless, such disorganized vessels can survive in VMs, but the exact mechanism remains unknown. TEK mutation in ECs can significantly increase the autophosphorylation of Tie2 17, 20 . As a consequence, PI3K/Akt pathway is activated and EC apoptosis is inhibited 24, 25 . This result may be implicated in the development of inherited VMs. However, these findings cannot elucidate other relevant issues, such as the expression level and activation status of Tie2 in sporadic VMs. These results also failed to determine whether or not the increased Tie2 phosphorylation is related to the disorganized vascular structures in VMs. To examine these conditions, we analyzed the expression and phosphorylation levels of Tie2 in sporadic 29 VMs. The immunohistochemical results indicated that the expression and phosphorylation levels of Tie2 were significantly increased in the tested samples. Moreover, the upregulation of Tie2 phosphorylation was closely correlated with the decreased perivascular a-SMA 1 cell coverage. The recruitment of perivascular SMCs and interaction between ECs and SMCs exhibit important functions in vascular formation 21 . TGF-b is also essential for SMC migration, differentiation, and vascular stabilization 21, 22 . Thus, we investigated whether or not TGF-b signalling is involved in the disorganized vascular structures in VMs by evaluating the TGF-b expression level in VMs. The results showed that both the immunoreactivity and the mRNA expression level of TGF-b were significantly decreased in VMs compared with those in the SK tissues. We also found that TGF-b expression was negatively correlated with Tie2 phosphorylation. We further observed Ang-1 treatment significantly downregulated TGF-b expression and the corresponding downstream signal. Conversely, the treatment with recombinant TGF-b could also suppress the expression and phosphorylation of Tie2. Therefore, a possible balancing effect might exist between Tie2 and TGF-b signalling pathways in ECs. These results suggested that a balancing effect and alternative selection may be determined between self-survival and organization for the blood vessels in VMs. In particular, increased Tie2 expression and phosphorylation may enhance the survival ability and prevent the apoptosis of ECs. This increased expression and phosphorylation may simultaneously suppress TGF-b expression, impede vascular organization, and result in the persistent existence of disorganized vascular structures in VMs. Nevertheless, further investigation is still needed to determine the precise mechanisms underlying the interaction between Tie2 and TGF-b signalling pathways. In summary, our present study provided strong evidence supporting the disorganized vascular structures and dysregulation of related molecules in sporadic VMs. This study also demonstrated a possible balancing effect between Tie2 and TGF-b in ECs. Our results shed new light on the possible pathogenesis of VMs, and might help to develop novel therapeutic strategies for vascular disorganizationrelated disorders, such as vascular malformations and tumor angiogenesis.
Methods
Tissue samples and immunohistochemistry. Twenty-nine samples of venous malformations without treatment history, 9 samples of pyogenic granulomas, 4 samples of placentas, as well as 6 samples of healthy donor skin were collected at Hospital of Stomatology, Wuhan University. All the specimens were fixed in buffered 4% paraformaldehyde and embedded in paraffin, and the procedures were performed according to the National Institutes of Health guidelines regarding the use of human tissues. This study was approved by the review board of the Ethics Committee of Hospital of Stomatology, Wuhan University. The immunohistochemical analysis was performed according to our earlier procedures 26, 27 . Briefly, the serial tissue sections were dewaxed in xylene, rehydrated in a graded series of ethanol and double-distilled water, and antigen retrieved by high pressure. Then the sections were washed with PBS and incubated within 3% hydrogen peroxide and 10% goat serum for 15 min. After that the slides were incubated overnight at 4uC with TGF-b (ABclonal), VECadherin (Epitomics), N-Cadherin (Santa Cruz), Tie2 (ABclonal) and phosphorylated Tie2 (Abnova). The antibody binding was then detected by horseradish peroxidase-conjugated secondary antibody using diaminobenzidine substrate kit (Dako). For evaluation of immunohistochemical staining, at least five fields with typical pathological changes characterized by thin-walled dilated sponge- like vessels in VM tissues were randomly selected at a magnification of 200 with light microscope (Leica) and counted by two independent observers. All the inter-and intra-observer agreement was over 65% with Kappa values of over 0.41 to ensure the reliability of data. Meanwhile, normal veins characterized by dense and uniform perivascular a-SMA 1 cells in normal skin tissues were selected as controls. The staining scores were calculated as the summation of staining intensity (0, negative, no staining; 1, faint yellow, mild staining; 2, claybank, moderate staining; and 3, brown, intense staining) and the percentage of cells showing positive cytoplasmic or membrane staining (0, ,10%; 1, 10%-25%; 2, 25%-50%; 3, 50-75%; and 4, 75-100% of endothelial cells).
Transmission electron microscopy. For transmission electron microscopy (TEM), fresh specimens of normal skin and VMs were immediately fixed in 2.5% glutaraldehyde for 3 h at room temperature and then stored at 4uC. When used, the specimens were postfixed in 1% osmium tetroxide with 0.1% potassium ferricyanide, dehydrated through a graded series of ethanol (30-90%), and embedded in Epon. Ultrathin sections (65 nm) were cut, stained with 2% uranyl acetate and Reynold's lead citrate and examined using a FEI Teenai G 2 20 Twin Transmission Electron Microscope.
Double-labeling immunohistochemistry. In brief, paraffin embedded specimens were cut into 4-mm sections, deparafinized, antigen retrieved by high pressure, and then incubated overnight with anti-CD34 antibody (15200), followed by secondary goat anti-mouse biotinylated antibody, and then incubated with hydrogen peroxidase-labelled detection system for 20 min. Peroxidase reaction was performed using 3-amino-9-ethylcarbazole, resulting in an overwhelming red of the membrane. After that, sections were incubated with anti-a-SMA antibody at a dilution of 15400 for 60 min, followed by secondary goat anti-rabbit biotinylated antibody, and then incubated with hydrogen peroxidase-labelled detection system for 20 min. Peroxidase reaction was performed using diaminobenzidine, resulting in a dark sepia cytoplasm staining. For analysis of the perivascular cell coverage, a-SMA positive cells at magnification of 200 in five random fields were counted blindly by two investigators, and then the number of a-SMA positive cells per vessel length was determined using Photoshop CS5. Double-labeling immunofluorescence. Briefly, the tissue sections of paraffinembedded specimens were dewaxed in xylene, rehydrated in a graded series of ethanol and double-distilled water. The antigen retrieval was performed by using high pressure. After that, endogenous peroxidase of slices was blocked by incubation in 3% bovine serum albumin (Sigma) for 1 h at room temperature. The sections were then incubated with mouse anti-human CD34 (15100) and rabbit anti-human a-SMA (15200) together overnight at 4uC. After washing with PBS, the sections were sequentially incubated with Dylight488 goat anti-mouse antibody and Dylight549 goat anti-rabbit antibody (EarthOx) for 1 h, respectively. Nuclei were counterstained with Hoechst, followed by observation and quantification under a fluorescence microscope (Leica). a 70-mm cell strainer (BD). Red blood cells were lysed by incubating the sample in NH 4 Cl for 10 minutes on ice. Cells were filtered through a 40-mm strainer to obtain a single-cell suspension form which the cells expressing the endothelial cell antigen CD31 were selected. CD31
1 and CD31 2 cells were isolated using anti-CD31-coated magnetic beads (Miltenyi Biotec, Auburn, CA) and cultured separately on fibronectin (1 mg/cm 2 ) coated plates with Endothelial Culture Medium (ECM) that was supplemented with 20% FBS, SingleQuot (ScienCell), and PSF. Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cord veins by collagenase treatment as described previously 28 , and were cultured in Endothelial Basal Medium (Cambrex Bio Science, Walkersville, MD) supplemented with 20% fetal bovine serum, SingleQuot (Cambrex Bio Science), and PSF. When cells were grown to 70% confluence, they were treated with human recombinant TGF-b (20 ng/ ml) or Ang-1 (50 ng/ml) in Endothelial Basal Medium containing 5% fetal bovine serum and further cultured for 24 h.
Real-time quantitative PCR. Isolation of total RNA, synthesis of cDNA, and realtime quantitative PCR (qPCR) were performed according to our previous study 27 . Briefly, total RNA was isolated with TRIzol Reagent (Invitrogen), and aliquots (1 mg) of RNA were reverse transcribed to cDNA (20 ml) with oligo(dT) and M-MuLV reverse transcriptase (Fermentas, Glen Burnie, MD). Then one-fifth of the cDNA was used as a template for PCR using SYBR Premix Ex TaqTM (Perfect Real Time) kits (Takara, Kyoto, Japan) in an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA). 18s rRNA was chosen as an internal control. The primer nucleotide sequences for PCR are presented in Table 2 .
Western blot analysis. The western blot analysis was carried out according to our previous description 29, 30 . In brief, the proteins in corresponding cells were extracted, and the protein concentration was estimated using BCA assay (Pierce Chemical, Rockford, IL). Subsequently, an aliquot of 40 mg protein of each sample was separated on 10% SDS-polyacrylamide gels and electroblotted on polyvinylidene fluoride membranes (Roche Applied Science, Germany). Then the blots were then blocked overnight with 5% skimmed milk and further probed with primary antibodies at dilutions recommended by the suppliers. After that, the immunoblots were detected using a chemiluminescence kit (Pierce).
Statistical analysis. Student's t-test and Spearman rank correlation test were used for statistical analysis. For the comparisons, P , 0.05 was considered statistically significant. www.nature.com/scientificreports
